Phospholipase Cδ1 associates with importin β1 and translocates into the nucleus in a Ca2+-dependent manner  by Okada, Masashi et al.
FEBS 29883 FEBS Letters 579 (2005) 4949–4954Phospholipase Cd1 associates with importin b1 and translocates
into the nucleus in a Ca2+-dependent manner
Masashi Okada*, Takayuki Ishimoto, Yoko Naito, Hajime Hirata, Hitoshi Yagisawa*
Graduate School of Life Science, University of Hyogo, Harima Science Garden City, Hyogo 678-1297, Japan
Received 18 July 2005; accepted 29 July 2005
Available online 11 August 2005
Edited by Ned ManteiAbstract Phospholipase C (PLC)d1 shuttles between the nu-
cleus and the cytoplasm. Here, we demonstrate that treatment
of MDCK cells and PC12 cells with ionomycin causes nuclear
accumulation of ectopically expressed and endogenous PLCd1,
respectively, suggesting that signals that increase [Ca2+]i trigger
nuclear translocation. To clarify the molecular mechanisms in-
volved in this translocation, we have examined whether PLCd1
binds with importins. PLCd1 interacted with importin b1 in a
Ca2+-dependent manner in vitro even in the absence of importin
a. A PLCd1 mutant E341A, which lacks Ca
2+-binding to the cat-
alytic core, did not show this interaction at any physiological
Ca2+ concentration and did not translocate into the nucleus after
ionomycin treatment when expressed in MDCK cells. These re-
sults suggested that the nuclear import of PLCd1 is mediated by
its Ca2+-dependent interaction with importin b1.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The phosphoinositide (PI) cycle is present in the cell nu-
cleus, and may be important for various nuclear events such
as mRNA export, DNA repair and gene transcription [1].
Although some phospholipase C (PLC) isoforms have been
detected in the nucleus [1], their roles in the nucleus and
the transport mechanisms involved have not been clariﬁed.
The d1 isoform (PLCd1) is predominantly distributed at the
plasma membrane and in the cytoplasm of various cell types.
Our previous study has shown that PLCd1 shuttles between
the nucleus and the cytoplasm [2]. Although PLCd1 has a nu-
clear export signal (NES) sequence [2] and a cluster of posi-
tive amino acids that is essential for the nuclear localization
[3], the mechanisms and carrier proteins required for the nu-
clear shuttling are unclear. Recently, using NIH-3T3 ﬁbro-
blasts, Stalling et al. [4] indicated that PLCd1 localizes in
the nucleus during the G1/S boundary and the G0 phases ofAbbreviations: PLC, phospholipase C; NES, nuclear export signal;
NLS, nuclear localization signal
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doi:10.1016/j.febslet.2005.07.082the cell cycle. They demonstrated that a reduction in
PtdIns(4,5)P2 levels at the plasma membrane and an increase
in its levels in the nucleus caused nuclear accumulation of
PLCd1 during these phases. Nevertheless, the nuclear locali-
zation of a mutant that lacks the ligand binding ability of
the pleckstrin homology domain is still evident, but to a les-
ser extent compared with that of wild type, during G1/S and
in G0, suggesting that other factors aﬀect the translocation of
PLCd1 into the nucleus as well as the PtdIns(4,5)P2 balance
[4].
Importins are soluble carrier proteins that shuttle proteins
between the cytoplasm and the nucleus. There are two
subgroups, importin a and importin b. It is well known that
importin a serves as an adaptor for a cargo protein containing
the nuclear localization signal (NLS) sequence and importin
b. Importin b binds to the cargo-importin a complex and
transfers it to the internal face of the nuclear pore [5]. There
are two ways for nuclear import of proteins containing NLS
sequences; by binding with importin a to form a ternary
complex with importin b, or by binding directly to importin
b. The latter system has been described for proteins, including
SREBP2 and cyclin B1 [5].
In this study, we demonstrate that a Ca2+ inﬂux causes the
nuclear accumulation of PLCd1. Moreover, we show that
PLCd1 interacts directly with importin b1 in vitro and this
interaction is controlled by Ca2+. This interaction also depends
on Ca2+-binding to the catalytic center of PLCd1. It is possible,
therefore, that the subcellular distribution of PLCd1 is regu-
lated by a Ca2+-dependent interaction between PLCd1 and
importin b1.2. Materials and methods
2.1. Plasmid constructs
Plasmids for the site-directed mutants of pGST-PLCd1 [6], pGST-
PLCd1 E341A, D653A and D706N, were constructed by PCR using
the mutagenic primers: E341A (5 0-TGCCGGTGCTTGGCGCTCG
ACTGCTGG-3 0), D653A (5 0-TCTATCGTGGCACCCAAGGTGA-
3 0), D706N (5 0-GCTTCATGGTAGAGAACTATGATTCCTCTTC-
3 0), respectively. phGFP-PLCd1 E341A was constructed from
phGFP-PLCd1 [7] by PCR using the same mutagenic primer as for
pGST-PLCd1 E341A. pGEX-Rch1, Qip1 and NPI1 were kindly pro-
vided by Prof. Y. Yoneda (Osaka University). pGEX-importin b1
was a gift from Prof. H. Sun (Ulsan University).
2.2. Cell culture, transfection and immunoﬂuorescence studies
MDCK cells were grown in Dulbeccos modiﬁed Eagles medium
(DMEM) containing 5% fetal calf serum (FCS). PC12 cells were grown
in DMEM containing 5% FCS and 10% horse serum. A MDCK cell
line stably expressing GFP-PLCd1 E341A was established as describedblished by Elsevier B.V. All rights reserved.
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tants and PC12 cells were serum-starved in DMEM containing
0.05% FCS for 24 h and treated with 1 lM ionomycin (Sigma). Cells
were then ﬁxed with 3% formaldehyde in PBS (pH 7.4) for 10 min at
room temperature. PC12 cells were permeabilized with a permeabiliz-
ing and blocking buﬀer (0.4% Triton X-100, 2% FCS, in PBS) for
10 min at room temperature, followed by incubation with an anti-
PLCd1 antibody [6]. Fluorescent images were viewed on a Zeiss Axio-
plan 2 microscope equipped with a confocal laser scanning unit (Carl
Zeiss LSM510).2.3. Co-immunoprecipitation assay
Subconﬂuent MDCK cells stably expressing GFP or GFP-PLCd1
were serum-starved for 24 h and treated with 1 lM ionomycin. Cells
were then harvested and lysed using a lysis buﬀer (20 mM Tris–HCl
(pH 7.4), 100 mM NaCl, 1 mM Na3VO4, 1 mM NaF, 1% Triton X-
100, protease inhibitor cocktail (Sigma)) and left on ice for 15 min, fol-
lowed by homogenization. The lysates were centrifuged for 30 min at
4 C and 100000 · g. The supernatants were incubated with an anti-
importin b1 antibody (N19 Santa Cruz) or goat-IgG for 1 h at 4 C.
The immune complexes were precipitated with Protein G-Sepharose
4B beads (30 ll) and washed four times with a wash buﬀer (20 mM
Tris–HCl (pH 7.4), 100 mM NaCl, 1 mM Na3VO4 and 1 mM NaF).
They were eluted by boiling in Laemmili sample buﬀer, and subjected
to electrophoresis and then immunoblotting analysis with an anti-GFP
antibody (Clontech) or an anti-importin b1 antibody (C19 Santa
Cruz).2.4. Preparation of recombinant proteins
The protocols for expression and puriﬁcation of GST or GST-fusion
proteins was modiﬁed from our previous report [6]. Brieﬂy, proteins
were expressed in Escherichia coli and puriﬁed on glutathione-Sephar-
ose 4B (GE healthcare). Each fusion protein was cleaved by thrombin
(Sigma) for 1 h at room temperature in binding buﬀer (BB: 20 mM
Tris–acetate (pH 7.2), 2 mM EGTA and 150 mM CH3COOK). Protein
determination was carried out using BCA Assay Reagent (Pierce).2.5. Preparation of cell lysates
Subconﬂuent MDCK cells stably expressing GFP or GFP-PLCd1
were harvested and lysed in BB containing diﬀerent concentrations
of CaCl2 (to yield free Ca
2+ concentrations from 4 nM to 5 lM), 1%
Triton X-100 and a protease inhibitor cocktail and left on ice for
15 min, followed by homogenization. The free Ca2+ concentrations
were calculated using MAXCHELATOR software (http://www.stan-
ford.edu/~cpatton/maxc.html). The lysates were centrifuged for
30 min at 4 C and 100000 · g. The soluble supernatants were clariﬁed
by incubation with glutathione-Sepharose 4B beads.2.6. In vitro binding assay, SDS–PAGE and immunoblotting
Sepharose 4B-immobilized GST or GST-fusion protein (1 nmol in
200 ll bed volume beads in a mini-column) was washed three times
with ice-cold BB containing diﬀerent concentrations of CaCl2. Input
proteins (0.1 nmol) or cell lysates in the same buﬀer were loaded onto
the mini-column. After washing the column three times with the same
buﬀer, bound protein was eluted with 300 ll of 0.6 M NaCl. The eluate
was mixed with Laemmili sample buﬀer, separated by SDS–PAGE and
subjected to immunoblotting analysis with an antibody against impor-
tin b1, PLCd1 or GFP.3. Results
3.1. Nuclear accumulation of PLCd1 after ionomycin treatment
GFP ﬂuorescence was found in the cytoplasm and at the
plasma membrane in serum-starved MDCK cells stably
expressing GFP-PLCd1 (Fig. 1A, left) as reported previously
[7]. After treatment of the cells with ionomycin for 30 min,
the ﬂuorescence markedly increased in the nucleus
(Fig. 1A, right). Endogenous PLCd1 was found distributedin the cytoplasm and at the cell–cell contact regions in un-
treated PC12 cells (Fig. 1B, left). The enzyme accumulated
in the nucleus after the cells were treated with ionomycin
(Fig. 1B, right). Since small molecules (smaller than 40–
60 kDa) can pass freely through the nuclear pore complex
by diﬀusion, we carried out immunoblot analyses of MDCK
cells stably expressing GFP-PLCd1 and of PC12 cells to
examine whether exogenous or endogenous PLCd1 is de-
graded by the ionomycin treatment. Both GFP-PLCd1 and
endogenous PLCd1 were detected as bands of the expected
sizes in the presence or absence of ionomycin, indicating that
no apparent degradation occurred during the experiments
(Fig. 1C).3.2. Ca2+-dependent binding of PLCd1 to importin b1-containing
nuclear transport complex
It is well known that nuclear proteins bind to the importin
a/b complex via their NLS sequences and are carried into
the nucleus. To explore the molecular mechanisms for the nu-
clear import of PLCd1, the interaction between PLCd1 and the
importins was examined by GST-pulldown assay using lysates
from GFP-PLCd1 expressing MDCK cells and GST-impor-
tins, which were immobilized on beads (Fig. 2A). Although
no interaction was observed in a buﬀer containing 60 nM free
Ca2+ (equivalent to the intracellular Ca2+ concentrations of
resting cells), interaction between GST-importin b1 and
GFP-PLCd1 was apparent in a buﬀer containing 5 lM free
Ca2+. No apparent interaction was observed between GFP-
PLCd1 and GST-Rch1 (Fig. 2A).
To examine whether importin b1 interacts with PLCd1
in vivo, a co-immunoprecipitation assay with an anti-importin
b1 antibody was performed using lysates of MDCK cells sta-
bly expressing GFP-PLCd1 (Fig. 2B). In unstimulated cells, a
weak interaction between endogenous importin b1 and GFP-
PLCd1 was observed (Fig. 2B). After treatment with ionomy-
cin, the amount of GFP-PLCd1 interacting with importin b1
was increased approximately 3-fold (Fig. 2B bottom), suggest-
ing that the Ca2+ inﬂux promote formation of the import
complex.3.3. PLCd1 interacts directly with importin b1 in vitro
We next explored if importins binds directly to recombi-
nant PLCd1 using GST-pulldown assay. Three importin a
molecules, Rch1, Qip1 and NPI1, each of which binds to
the NLS sequence of SV40 large T-antigen conjugated with
rabbit IgG (data not shown), did not interact with puriﬁed
PLCd1 (Fig. 3A). Although a speciﬁc interaction between
GST-importin b1 and puriﬁed PLCd1 was minimal at
60 nM free Ca2+, the interaction was apparent at 5 lM free
Ca2+ (Fig. 3A). Conversely, interaction between GST-PLCd1
and puriﬁed importin b1 was augmented by Ca2+ as shown in
Fig. 3B. These results indicate that PLCd1 binds directly to
importin b1 in a Ca2+-dependent manner in the absence of
importin a.3.4. Ca2+-binding site in the catalytic domain is important for
the interaction of PLCd1 with importin b1
According to the X-ray crystallographic analysis [8], PLCd1
has three Ca2+-binding sites; one that locates in the catalytic
core of the X-domain and is essential for PtdIns(4,5)P2 hydro-
lysis, and two that locate in the C2-domain. To explore which
Fig. 1. (A) Fluorescence image of MDCK cells stably expressing GFP-PLCd1. After serum starvation for 24 h, the cells were treated with (right) or
without (left) 1 lM ionomycin for 30 min. Cell nuclei with accumulated ﬂuorescence are indicated by arrowheads. (B) Representative images of
endogenous PLCd1 detected by indirect immunoﬂuorescence in PC12 cells. Twenty-four hours after serum starvation, the cells were treated with
(right) or without (left) 1 lM ionomycin for 30 min. Bar = 20 lm (C) Immunoblots of GFP-PLCd1 in MDCK cells (left) and PLCd1 in PC12 cells
(right) using anti-GFP or anti-PLCd1 antibodies, respectively.
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tin b1, we carried out binding assays using mutants of PLCd1
with diminished Ca2+-binding activity. Since it has been re-
ported that residues D653 and D706 bind to Ca2+ in the C2-
domain [8], we constructed plasmids for GST-PLCd1 D653A
and D706N, and prepared the puriﬁed proteins. Both the mu-
tants bound to importin b1 to the same extent as wild type
(Fig. 4A). Conversely, the E341A mutant with an amino acid
substitution at the catalytic core showed markedly reduced
binding to importin b1 at lM levels of Ca2+ (Fig. 4B).
When GFP-PLCd1 E341A was expressed in MDCK cells,
the ﬂuorescence was distributed in the cytoplasm and at the
plasma membrane as shown in the cells expressing wild-type
enzyme (Fig. 4C left). Unlike the wild-type expressing cells,treatment of the E341A mutant expressing cells with ionomy-
cin did not change the ﬂuorescence distribution (Fig. 4C right).
These results suggest that Ca2+-binding to the catalytic domain
is necessary for the formation of the complex of PLCd1 with
importin b1 and therefore for the Ca2+-dependent nuclear
translocation.4. Discussion
Recent studies have indicated that PLCd1 accumulates in the
cell nucleus after LMB treatment [2], by partial hepatectomy
[9] or during the G1/S boundary and in G0 phases in the cell
cycle [4]. In this report, we show that exogenously expressed
Fig. 2. (A) Ca2+-dependent interaction between GST-importin b1 and
GFP-PLCd1 from MDCK cell lysates. GST, GST-Rch1 or GST-
importin b1 fusion proteins were incubated with lysates from MDCK
cells stably expressing GFP-PLCd1 (top) or GFP (bottom) at 4 C in a
buﬀer with diﬀerent concentrations of free Ca2+. Proteins were
separated by SDS–PAGE followed by immunoblotting using anti-
GFP antibody. (B) Eﬀect of ionomycin treatment on the interaction
between importin b1 and GFP-PLCd1 in MDCK cells. Subconﬂuent
MDCK cells stably expressing GFP-PLCd1 were treated with or
without 1 lM ionomycin for 15 min. The cell lysates were incubated
with an anti-importin b1 antibody or with control goat-IgG. The
immune complexes were precipitated with Protein G-Sepharose 4B and
subjected to SDS–PAGE followed by immunoblotting using an anti-
GFP antibody or an anti-importin b1 antibody, respectively (top). The
bands on the blot were quantiﬁed by densitometry using NIH Image
software (bottom).
Fig. 3. (A) Ca2+-dependent association of GST-importin b1 with
recombinant PLCd1. GST, GST-Rch1, GST-Qip1, GST-NPI1 or
GST-importin b1 was incubated with puriﬁed recombinant PLCd1 at
4 C in a buﬀer containing diﬀerent concentrations of free Ca2+ as
indicated. Proteins were separated by SDS–PAGE and immunoblot-
ting was performed using an anti-PLCd1 antibody. (B) GST-PLCd1
interacts with importin b1 in a Ca2+-dependent manner (top).
Immunoblotting analysis was performed using an antibody against
importin b1. The bands on the blot were quantiﬁed by densitometry
using NIH Image software (bottom).
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to Ca2+ inﬂux from the extracellular environment. The balance
of the nuclear import and the export of PLCd1 is inclined to-
wards the export in resting cells. When cells are treated with
ionomycin, a massive Ca2+ uptake reverses the balance.
There are several possible molecular mechanisms for the nu-
clear accumulation of PLCd1 by Ca
2+. First, the Ca2+ increase
activates PLC isoforms and causes a decrease in PtdIns(4,5)P2
levels at the plasma membrane, releasing PLCd1 from theplasma membrane to increase the levels in the cytoplasm. The
eﬃcacy of PLCd1 binding to nuclear import machineries then
increases and more nuclear import complexes are formed and
transported into the nucleus. A ﬂuctuation of PtdIns(4,5)P2 lev-
els at the plasma membrane and in the nucleus during the pro-
gression of the cell cycle was observed in NIH-3T3 cells [4].
Actually, Ca2+ transients are observed near the G1/S boundary
phase in the cell cycle and during cytokinesis [10]. Second,
PLCd1 contains two EF-hand motifs, which are generally
known to be Ca2+-binding domains, and an NES sequence is
localized in one of these motifs. Although neither of these
EF-hand motifs binds with Ca2+, the X-ray crystallographic
structure [8] of the NES region in the presence of Ca2+ (PDB
code: 1DJI) diﬀers from that in the absence of Ca2+ (PDB code:
2ISD). We could hypothesize, therefore, that the nuclear export
of PLCd1 via formation of the nuclear export complex with
CRM1/exportin1 is modulated by Ca2+, causing the nuclear
accumulation of PLCd1. Third, there is a possibility of the
involvement of binding to a ubiquitous intracellular Ca2+
receptor, calmodulin (CaM). CaM also accumulates in the nu-
cleus on elevation of intracellular free Ca2+ [11]. CaM has two
EF-hand motifs and binding of Ca2+ to them causes a dramatic
Fig. 4. (A) In vitro interaction between GST-importin b1 and PLCd1
mutants. Binding of GST or GST-importin b1 to puriﬁed PLCd1
D653A or D706N was performed in Ca2+ calibration buﬀers as
indicated. (B) Binding between GST-importin b1 and a PLCd1
catalytic domain mutant, PLCd1 E341A. Immunoblotting was per-
formed using an antibody against PLCd1. (C) Fluorescence image of
MDCK cells stably expressing GFP-PLCd1 E341A. After serum
starvation for 24 h, the cells were treated with (right) or without (left)
1 lM ionomycin for 30 min. Bar = 20 lm.
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a change in the local domain structure but also a drastic change
in the structure of the whole molecule. Recently, it has been re-
ported that the small GTPase Ral and CaM directly bind to
PLCd1 in a Ca
2+-dependent manner [12]. The K432A/K434A
mutant of GFP-PLCd1, whose amino acid substitutions local-
ize at the C-terminal of the X-domain, does not accumulate
in the nucleus after LMB treatment [3]. This region is close to
the XY-linker IQ motif, which is the CaM-binding motif on
PLCd1. It is possible, therefore, that the PLCd1-CaM-Ral com-
plex accumulates in the nucleus after ionomycin treatment.
Last, but not the least, as our present study has suggested, there
is a more direct Ca2+-dependent regulation of PLCd1. PLCd1
directly associates with importin b1 in a Ca2+-dependent man-ner. The Ca2+-binding site in the X-domain but not those in the
C2-domain is important for this interaction. The structural
change or the charge deviation caused by Ca2+-binding to the
catalytic domain of PLCd1 is important in the formation of
the PLCd1 nuclear import complex.
PLCd1 is expressed abundantly in most tissues [13]. Importin
b1 is also expressed ubiquitously, whereas importin a shows a
unique expression pattern in various tissues [14]. Importin b1,
therefore, could be a general carrier for PLCd1 in various tis-
sues. The nuclear functions of PLCd1 are still unclear. They
may be related to those of other nuclear PLC isoforms found
in the nucleus such as PLCd4 and PLCb1 [15]. Since high levels
of Ca2+-inﬂux and the following calpain-mediated cleavage of
calcineurin and its activation are commonly observed in stress-
induced cell death such as the neuronal cell death [16], it is pos-
sible that PLCd1 plays a particular role in the nucleus during
the cell death. Nuclear PLCd1 can be activated by Ca
2+ and
produces Ins(1,4,5)P3 to constitute a positive feedback loop
for Ca2+ signaling locally. Activation of PLC is sometimes in-
volved in continuous Ca2+ uptake during neuroexcitotoxicity
[17]. The nuclear localization of PLCd1 may confer further
mechanisms that facilitate cell death, or, conversely, that coun-
teract the cell damage.
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